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Biomineralization is the process by which metazoa form hard minerals for support, defense, and feeding. The minerals so formed, e.g.,
teeth, bones, shells, carapaces, and spicules, are of considerable interest to chemists and materials scientists. The cell biology underlying
biomineralization is not well understood. The study of the formation of mineralized structures in developing organisms offers opportunities
for understanding some intriguing aspects of cell and developmental biology. Five examples of biomineralization are presented: (1) the
formation of siliceous spicules and frustules in sponges and diatoms, respectively; (2) the structure of skeletal spicules composed of
amorphous calcium carbonate in some tunicates; (3) the secretion of the prism and nacre of some molluscan shells; (4) the development of
skeletal spicules of sea urchin embryos; and (5) the formation of enamel of vertebrate teeth. Some speculations on the cellular and molecular
mechanisms that support biomineralization, and their evolutionary origins, are discussed.
D 2005 Elsevier Inc. All rights reserved.
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The study of biomineralization in developing embryos
may well be an acquired taste. It is certainly not in the
current mainstream, yet the separate fields of biomineral-
ization, and of developmental biology, are both incredibly
robust. The minerals made by living organisms, usually
composites of protein, polysaccharide, and mineral, form
under conditions of moderate temperature, pressure, and
pH. Chemists and materials scientists usually require high
temperature and pressure and extremes of pH to produce
materials that still cannot mimic the form or surpass the
properties of the biogenic version. The embryo and cell
cultures present opportunities to observe the actual
construction of these biogenic mineralized composites.
And formation of biomineralized structures in embryos,
and in culture, presents wonderful opportunities to study0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: wilt@socrates.berkelely.edu.instances of terminal differentiation about which we know
little. The cell biology underlying biomineral formation is
not well understood, and the assembly processes for
constructing the spicules, shells, carapaces, teeth, and
bones of the world of biomineralized structures are also
largely unknown.
I shall explore some selected examples of biomineraliza-
tion in several different organisms, with an emphasis on
development where possible. I shall attempt to underline the
issues of interest to cell and developmental biologists,
especially the roles of self-assembly of macromolecular
constructs and the mechanisms of biosynthesis and secretion
of the mineralized composites. Hence, this is not a detailed
and exhaustive review of the subject, but a guided tour of
examples and the interesting issues that they pose for
students of development. Examples were chosen on the
basis of their potential interest to developmental biologists,
and to some extent, by the exigencies of limited space, and
the author’s knowledge. Hence, I do not discuss the
interesting work on mineralization of the crustacean
carapace (see Wilt et al., 2003 for a brief review) or of280 (2005) 15–25
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amount of information on the dentin and bone of vertebrates
is so large and complex that it would deserve a separate
article (see, Weiner et al., 1999). Indeed, there are excellent
recent books devoted to the entire field of biomineralization:
Lowenstam and Weiner (1989), Simkiss and Wilbur (1989),
and Mann (2002), and edited by Dove et al. (2003).
Some background will be helpful before considering the
chosen examples. Following the revolution in biology and
geology in the late 19th century, paleontologists, and some
biologists and medical scientists interested in dentition and
the skeleton began to study the formation and structure of the
bhard partsQ of an organism. Most of these hard parts were
composed of calcium-based minerals, and bcalcificationQ
became a recognized area of inquiry. By the 1930s, there
were approximately 10 different minerals known to be
present in living organisms. This changed when the eminent
paleontologist, the late Heinz Lowenstam, published a paper
(Lowenstam, 1962) describing the presence of magnetite, a
relatively hard iron oxide that chemists supposed could only
be formed at very high pressures and temperatures. Low-
enstam noticed that limestone outcroppings near the ocean
shore were being undercut by the scraping action of chitons,
and he went on to show that the surface of the lateral tooth of
the chiton radula was covered with magnetite. Since that
discovery, numerous minerals based on different metal
elements have been discovered; they are listed in the book
by Lowenstam and Weiner (1989). They list 38 bcommonQ
minerals found in metazoa; cations used include Ba, Ca, Cu,
Fe, K, Mg, Mn, Na, Ni, Pb, Si, Sr, and Zn, and they can occur
as hydroxides, oxides, sulfates or sulfides, carbonates and
phosphates. Minerals are commonly made by bacteria,
plants, and fungi. Among the animals, most work has been
on Cnidaria, Mollusca, Arthropoda, Echinodermata, and
Chordata. So, the world of bcalcificationQwas transformed to
the more catholic world of bbiomineralizationQ. The issues
concerning the structure, formation, and properties of these
biologically formed minerals lie at the intersection of
organogenesis, cell biology, protein structure-function, and
materials science.
In a paper published by Lowenstam (1981), entitled
bMinerals formed by OrganismsQ, he synthesized concepts
from massive amounts of data, and therein he underlined the
importance of the living organism in the synthesis of these
mineralized composites. He emphasized the importance of
the organic matrix found within these composites, some-
thing already known to students of bone and tooth
physiology, thus broadening the scope of paleontology
and mineralogy to include biology.
Clinicians, because they need better prosthetics for teeth
and bones, are anxious to acquire substances with useable
material properties that are compatible with bone and tooth
replacement and remodeling. Engineers want stronger,
harder, or better conducting materials that can be fabricated
into any imaginable shape. Cell and developmental biolo-
gists want to understand bhow can they do that?Q Whilethere may not be any one key to learning the secrets of how
biologically formed minerals are made, such minerals are
the business end of endo- and exoskeletons, and dentition.
Arguably, the organogenesis of bhard partsQ has been
somewhat neglected. My personal opinion is that if one
really wants to know how biologically formed minerals are
made, we must study the formation of biomineralized
structures using approaches of modern cell, molecular, and
developmental biology. This has already happened to a great
extent in studies of vertebrate bones and teeth, though there
are very many fundamental aspects of deposition of
carbonated apatite (the mineral found in teeth and bones,
commonly called hydroxyapatite) that are still a mystery.
Furthermore, the precise relationships of matrix molecules
to the nucleation, growth, and patterning of the various
minerals require a deep understanding of protein structure-
function relationships.
Some selected examples of biologically formed minerals
I shall examine five very different instances of mineral
formation in biological systems. Are there commonalities,
and if so are they at the level of the basic chemistry, or at the
level of the secretion of metal ions and/or protein matrix
molecules? Are there rules of design and construction to
achieve a particular kind of material property?
Silica formation in sponges and diatoms
Silica is an amorphous precipitated form of hydrated
SiO2, common in the earth’s crust (opals are an example)
that is only formed at very high temperatures and
pressures. Yet it is found in abundance in some sponges
(other than the class Calcarea), where it is thought to
function in support and possibly as a defense against
predation. The silica is present as small spicules in the
body wall. The species studied by the Morse/Stucky group
at UC Santa Barbara, T. aurantia, can have 75% of its dry
weight present in these silicaceous spicules. Running
though the middle of each needle-like spicule is a filament,
which first appears in intracellular vacuoles in which the
forming spicule is deposited. Shimizu et al. (1998) purified
these filaments after removal of silica and isolated 3 very
similar proteins of 27, 28, and 29 kDa, which they dubbed
silicateins. The proteins constituted about 0.1% of the mass
of the spicule, were rich in serine, glycine, asparagine, and
glutamate, and had a high degree of sequence similarity to
the cysteine protease, cathepsin. The similarities include
identical placement of 6 cysteines involved in cystine
bridges, multiple hydroxyls and placement of a histidine at
the active site. The cysteine in the active site of cathepsin is
replaced by serine in the silicatein, thereby eliminating
esterase activity. However, the silicateins, and similarly
designed synthetic peptides, can catalyze the formation,
polymerization, and precipitation of silica from alkoxides
of silicon at moderate temperature and pH (Cha et al.,
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functions in the sclerocyte vacuole are still to be elucidated,
as well as what other molecules might be involved, it is
clear that the silicateins are part of the scaffold upon which
the silica is deposited and that they also catalyze
condensation reactions from some unknown intracellular
precursor to form silica.
Some diatoms also possess siliceous exoskeletons, and
Krfger, Sumper, and their colleagues have elucidated a
different mechanism of silica formation for these organisms.
The siliceous cell walls of diatoms, called frustules, are very
elaborate and beautiful (Fig. 1). The cells can accumulate
large stores of Si, probably as silicic acid, which forms the
polymerized silica in membrane bounded organelles before
breleaseQ to form the walls of silica. The silica accumulated
in the silica deposition vesicle is deposited as nanoscale-
sized spheres. Kro¨ger et al. (1999) dissolved the silica of the
diatom valve (the term used for the cell wall) with HF and
found two sorts of macromolecules: long-chain polyamines
and small proteins that they called silaffins. Subsequent
work (Kro¨ger et al., 2002) with silaffins has involved milder
extraction methods using NH4F at pH 5; the native silaffins
have phosphorylated serines, as well as the heavily modified
E-amino groups of lysine, including an unusual N-methyl-
propylamine. The silaffins will self-assemble into nano-
spheres at pH 5.5 and induce the formation of silica. While
the events inside the diatom cell are still not fully under-
stood, one silaffin family member can regulate silica
formation by another silaffin. Hence, the outline of a
quasi-self-assembling system that somehow induces silica
formation is known, though non-silaffins apparently can
also play a role.
The chemistries involved in silica formation in the
sponge and diatom are apparently different from one
another, but certain strategic elements are analogous. In
both instances, a membrane bounded intracellular organelle
is a bprivileged spaceQ (it may sometimes be topologically
extracellular) within which the composite is formed before itFig. 1. A scanning electron micrograph of a frustule of the diatom from the
genus Mastogloia. Image courtesy of ADIAC project (contract MAS3-
CR97-0122).becomes extracellular, and a small number of unusual
proteins induce or catalyze formation of amorphous mineral.
The mechanisms by which the silicon is accumulated and
routed to the site of deposition are mostly unknown, as is the
process by which intracellular membrane bounded struc-
tures become extracellular.
Amorphous calcium carbonate in ascidians
The characteristic tough covering of ascidians, called a
tunic, is the reason this group of animals is often called
btunicatesQ. Composed of cellulose, the tunic and blood
vessels that course through it often contains small calca-
reous spicules in a wide variety of shapes. Spicules can also
be present in body tissues like branchial sacs and blood
sinuses. The spicules are though to contribute to stiffness
and resilience of the tissues (Lambert, 1992; Lambert and
Lambert, 1997). Spicules are typically formed in close
association with cells usually termed sclerocytes. The
sclerocytes are thought to secrete a very tough enveloping
layer as well as forming the mineralized spicule.
Crystalline calcium carbonate can adopt several different
structures, called bpolymorphsQ, differing in details of the
lattice structure of the crystal. The atomic structure with the
lowest lattice energy, and hence the most stable, is calcite.
Somewhat less stable, and with a slightly different lattice
structure, is aragonite. Even less stable is the polymorph
dubbed vaterite, which is unstable in its inorganic form,
though it is present in spicules of some species (Lowenstam
and Abbott, 1975). There is the presumption that these
biogenically formed composites of unstable polymorphs,
like vaterite, contain organic matrix components that
stabilize them. I shall discuss examples where calcium
carbonate crystal polymorph selection is influenced by
matrix molecules. Living organisms can carry out synthesis
of materials that cannot be formed under similar conditions
in the laboratory.
Even more astonishing is the finding that a very unstable
form of calcium carbonate called bamorphous calcium
carbonateQ (ACC) is found in many instances in nature.
Parenthetically, several other amorphous minerals are found
in nature (cf. Lowenstam and Weiner, 1989). ACC is
defined as such because it does not diffract X-rays to
produce clear reflections, i.e., is not crystalline. ACC is
sufficiently disordered to prevent coherent diffraction. There
are examples of relatively stable ACC found in nature, and
there are also instances in which there is a slow, regulated
transition from ACC to a crystalline state. There is a
chemical and structural difference between these two forms
of ACC. The stable form is hydrated, containing 1 mol of
water per mole of CaCO3, and water is present in the
coordination sphere around calcium ions, thereby introduc-
ing disorder and preventing reorganization into a stable
crystalline phase. The transient form of ACC, which is
encountered in sea urchin spicules, contains little if any
water and shows short range order very similar to that of
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of this composite is insufficient to allow coherent diffrac-
tions. Furthermore, it is reasonable to assume that the
disorder present in transient forms of ACC is caused by the
presence of occluded organic molecules. It is important to
underline the fact that ACC as such does not persist in the
test tube; only living organisms, presumably employing
specialized matrix molecules, can stabilize ACC and
regulate its slow transition to calcite or aragonite. The role
of ACC in biomineralization has recently been thoughtfully
reviewed by Addadi et al. (2003).
Of considerable interest is recent work on a member of
the family Pyruridae. Pyura pachydermatina from New
Zealand has been studied by Lambert and Lambert (1996).
This species has tunic spicules with a knobbed or
bdogboneQ appearance and body spicules with a ramified
bantlerQ appearance. Both kinds of spicules are formed by
sclerocytes, both are surrounded by envelopes, but they
have very different shapes and contain different forms of
calcium carbonate (Fig. 2). Aizenberg et al. (1996) showed
that the antlers contain only amorphous calcium carbonate
(ACC). Aizenberg et al. (2002) went on to study the
knobbed spicules and found that these bdogbonesQ are notFig. 2. Scanning electron micrographs of spicules from the tunicate,
P. pachydermatina. (a) Dogbone spicule from the tunic. Image courtesy
of G. Lambert. (b) Antler spicule from the branchial sac. Image courtesy
of J. Aizenberg. 10-Am scale bars are shown on the figures. Note the
scale differences.pure calcite, but have a core of ACC, surrounded by a
sheath, which is overlain by a cylinder of calcite. The
ACC core of the dogbone has more Mg ion present than
does the calcite (5.9% compared to 1.7%), has more
organic material (0.05% compared to 0.01%), and is high
in glutamate and hydroxyamino acids compared to
relatively high aspartate in the calcite. Aizenberg et al.
(2002) showed that macromolecules extracted from the
calcite layer speeded up formation of calcite crystals from
a supersaturated solution. On the other hand, macro-
molecules extracted from the ACC layer inhibited crystal
formation. The addition of macromolecules from antler
spicules (composed only of pure ACC) favored formation
of stable ACC. This constitutes strong evidence that
macromolecules occluded with the mineral phase play an
important role in stabilization of relatively unstable forms,
like ACC, and can also play a role in selection of the
polymorph that is formed, i.e., ACC or calcite in this
instance.
Different mineral polymorphs in molluscan shells
The shells of molluscs are favored objects for study of
biomineralization, and members of this phylum use CaCO3
as the principal material for construction of an incredibly
diverse array of exoskeletal structures. The shells of
bivalves and gastropods, especially the clam, oyster,
abalone, scallop, and fresh water snail, have been inves-
tigated in some detail. There is a great deal of variation in
the embryology of the different shelled molluscs (Collier,
1997, describes their general embryology), and a detailed
treatment of shell formation in embryos can be found in
articles by Kniprath (1981) and Eyster (1986).
The dorsal ectoderm of the developing embryo forms a
specialized columnar epithelium, called the shell field,
which invaginates during trochophore stages to form a shell
gland. The epithelium surrounding the shell gland, which
does not invaginate, secretes the early organic layer found
on the superficial surface (called periostracum) of the larval
shell. The shell gland itself everts to form an extensive
epithelial surface layer that forms the mantle. Shell matrix
secretion and mineralization begin early in larval life,
forming the first shell valve(s) called a Prodissoconch I.
The larva subsequently transforms into a swimming veliger
form. The shell valves continue to enlarge (the enlargement
is called Prodissoconch II), and after metamorphosis, shell
formation continues at the mantle edge, forming new shell at
the periphery of the Prodissoconchs that formed earlier. The
larval shells are comprised of the mineral polymorph
aragonite, a stable needle-like form of CaCO3.
Shell formation continues during the growth that occurs
after metamorphosis. Furthermore, damage to the shell and
mantle edge can promote repair and formation of new shell
in mature adults. If inert material, like mica, is inserted
between the shell and the mantle edge, the process of shell
formation can be recapitulated on the mica substrate (Fritz et
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species, aragonite, or a mixture of layers of aragonite and
calcite. Typically, the periostracum covers the external
(facing sea water) surface of the shell, and is secreted by
the most peripheral cells of the mantle. A layer of calcite,
called the prismatic layer, is then deposited in some species,
followed by the inner (closest to the mantle) nacreous layer
composed of aragonite (Fig. 3). While larval shells are
mostly aragonite and have similar structures, there is great
variability in anatomical detail and mineral polymorph in
the shells of the mature animals of the different species.
Two recent studies have shown that amorphous calcium
carbonate is present in larval (Prodissoconch I and II) shells.
Weiss et al. (2002) showed that both aragonite and ACC are
found in the larval shells of two marine bivalves. In
Mercenaria mercenaria, the initially deposited material is
mostly ACC, and this is gradually transformed into
aragonite over a period of hours to days. The authors
suggest that the ACC is a precursor to the aragonite, and that
ACC might also be a precursor in the formation of shell in
post-metamorphic animals. The suggestion that stable,
crystalline forms of calcium carbonate are formed in nature
from an amorphous precursor form, and that this precursor
transforms to the crystal in a slow, regulated way, is a novel
idea in this field, and will be mentioned again when we
consider the sea urchin larval spicule. Another molluscan
species, Crassostrea gigas, also has a mixture of ACC and
aragonite in the larval shell, but the shell of the adult is
almost all calcite. The aragonite found in larvae of both
species is less crystalline than aragonite obtained from non-
biogenic sources, based on infra-red and Raman spectro-
scopy. Hasse et al. (2000) examined the mineral in the shell
of a developing fresh water snail by X-ray diffraction and
X-ray absorption spectroscopy (EXAFS). Shells of adults
were composed of aragonite only. The mineral in 72-h-old
embryos was ACC, but showed short range order similar to
aragonite. ACC apparently transformed to aragonite, whichFig. 3. A diagram of a section through the edge of the shell and attached
mantle of a bivalve mollusc. Note the layers of periostracum, prismatic
calcite, and aragonitic nacre underlain by the extrapallial space and mantle.
EPS, extrapallial space; MF, middle fold of mantle; NC, nacre; OED, outer
epithelium of the mantle; OF, outer fold of the mantle; P, periosstracum;
PG, periostracal groove; PL, pallial line; PM, pallial muscle; PN, pallial
nerve, PR, prismatic shell layer (after Simkiss and Wilbur, 1989).is the first crystalline phase present at 120 h of development.
Just as in the case of marine bivalves, the ACC of the snail
is apparently a precursor phase to the aragonite crystal.
No precursor ACC has actually been demonstrated for
either aragonite or calcite in adult shells. The mantle has
usually been considered the source of the matrix and ions
for shell construction (Wheeler, 1992), a reasonable
assumption. While there is only indirect evidence for the
direct involvement of the mantle, mRNAs for some matrix
proteins (e.g., pearlin, Miyashita et al., 2000; MSI 31 and
60, Sudo et al., 1997; nacrein, Miyamoto et al., 1996) are
strictly localized to mantle. The source of Ca+2 is another
matter (cf. Wheeler, 1992), and an interesting hypothesis
has been put forth by Mount et al. (2004), who studied the
deposition of shell in mature oysters after a notch had been
cut in the shell. Withdrawal of fluid from the extrapallial
space (the space between the mantle and newly formed
nacre) showed large numbers of hemocytes, normal
inhabitants of the coelomic fluid. Some of these cells
contained refractive granules, and SEM observations
showed exocytosis of crystals of calcite from these
refractive hemocytes. Mount et al. (2004) propose that
hemocytes, after a transepithelial migration through the
mantle, are a source of mineral, which is deposited as very
small calcite crystals on the shell matrix, and is subse-
quently remodeled into the shell.
In shells with a prismatic layer of calcite and nacre of
aragonite, there is a precise control of the CaCO3
polymorph; it is believed that this is due to the matrix
molecules that are associated with the forming mineral.
Indeed, several groups have demonstrated under different
conditions that soluble matrix molecules extracted from
nacre favor aragonite formation, in vitro, and that extracts
from prism layers favor calcite formation, in vitro
(Belcher et al., 1996; Falini et al., 1996). The presump-
tion is that the cells secreting the matrix are programmed
to change the composition of the matrix at precise times
and places, thereby regulating the change from calcite to
aragonite during the transition from prism to nacre. There
must be some kind of feed back regulatory circuit(s)
involved since insertion of a slip of mica under the
mantle induces a recapitulation of this sequence of
polymorph deposition found in normal shell growth in
the adult abalone.
Mineral polymorph selection is not the only complexity.
A fair number of occluded shell proteins have been cloned
(Belcher and Gooch, 2000) Treccani et al. (2003) discuss
these several proteins in some detail, and a list of them is
given in a review by Wilt et al. (2003). They do not fall
neatly into categories, nor is their function in the organism
known. The material properties of the formed shells are
remarkable because they are composites of mineral and
organic material, woven with considerable precision. For
example, in abalone nacre, the insoluble matrix encloses
stacks of aragonite crystals, much as mortar surrounds
bricks. In the oyster shell, there are laminae of insoluble
Fig. 4. Diagram of the relationship of the PMC and spicule of sea urchin
embryos. Fused primary mesenchye cells have a spicule enrobed by
cytoplasmic cords that connect cell bodies. A cross section shows details of
the PMC overlying the spicule, which contains both mineral and occluded
matrix proteins, such as SM50, SM30, and PM27. The syncytial process
surrounding the spicule possesses a cell membrane. The space between the
PMC cell membrane and spicule has been greatly exaggerated for graphic
clarity. Experiments by Beniash et al. (1999) indicate that the plasma
membrane is closely applied to the mineral, so if there is any extracellular
matrix between the plasmalemma and the mineral, it must be extraordi-
narily thin. The diagram is taken from the paper by Urry et al. (2000).
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also present between the chitin sheets (Levi-Kalisman et al.,
2001). One presumes that the architectural arrangement of
matrix molecules with respect to mineral phase, and with
respect to the cell surface and enveloping membranes,
somehow involves control of secretion by the cell as well as
regulation of assembly of structure and/or self-assembly of
large molecular aggregates. This is unexplored territory.
Calcareous spicules of sea urchin embryos
Echinoderms, the botherQ deuterostome phylum, possess
elaborate calcareous endoskeletons. Of the 5 extant classes,
the brittle stars (ophiuroids) and sea urchins/sand dollars
(echinoids) have embryos with a well-developed endo-
skeleton, called spicules. The embryology of spicule
formation has been studied since the earliest days of
Developmental Biology (reviewed by Horstadius, 1973).
Formation of the larval skeleton is one of the few examples
in zoology where biomineralization can be observed in the
embryo, or in pure culture, in real time. The primary
mesenchyme cells (PMC) that form the skeleton arise in a
stereotyped program of cell division from micromeres that
arise at the 4th and 5th cleavage divisions. The micromeres
and their descendants are uniquely dedicated to spicule
formation, and they are also known to play an important role
in signaling events that entrain endomesoderm specification
and gastrulation. Recent reviews by Ettensohn and Sweet
(2000), Brandhorst and Klein (2002), and Angerer and
Angerer (2003) may be consulted for details of this rapidly
moving area. Post-metamorphic juveniles also make a
calareous endoskeleton; the teeth, spines, and test of the
adult are all formed by different sclerocytes specialized for
skeleton deposition.
The primary mesenchyme cells of the echinoid embryo
undergo an epithelial to mesenchymal transition just before
overt gastrulation, and they then inhabit stereotypical
locations next to the blastula wall. The 32 (or 64 in some
cases) PMCs fuse to form a syncytium, and a rhomboid
crystal of calcite (Okazaki and Inoue, 1976) appears in two
bvacuolesQ of the syncytial aggregate located bilaterally in
the ventrolateral aspects of the blastocoel. The spicule
extends outward as three rays from this calcite, following
the path taken by the syncytial cytoplasmic cord that
connects the PMC cell bodies (Fig. 4). The initial extension
occurs along the a crystallographic axis; later outgrowth of
the main spicule elements occurs along the c axis. Morpho-
genesis of the spicule strictly follows the outline of the
cytoplasmic syncytium, with extension occurring at the tip
(Guss and Ettensohn, 1997). Increase in girth of the spicule
also occurs by deposition of material from PMCs lying
along the length of the spicules. Extension of the length of
the spicules in the arms of the feeding pluteus larva occurs
by the activity of congregations of PMCs located at the tips
of the spicules, so-called bplugsQ (see Wilt, 2002 for a more
detailed review).There is a considerable amount of information on both
the matrix molecules and the mineral phase. The mineral is a
high Mg (~5%) containing calcite, intensely birefringent,
and diffract X-rays like a single crystal. Though not unique,
this is one of the best examples of a single crystal containing
occluded matrix proteins (about 0.1% by mass). The
material properties of the composite are much harder,
flexible, and resistant to fracture than pure calcite. Spines,
test plates, and tooth elements are also composed of
composites that diffract as single crystals. Spicules may be
cleaned with NaOCl to remove all organic material from the
surface of the crystalline spicule; thereafter, the spicule can
be demineralized and a constellation of soluble proteins is
released. These have been partially characterized: there are
some 40–45 distinct proteins (Killian and Wilt, 1996), many
of them are acidic and glycosylated. Some of the cDNAs
corresponding to spicule proteins have been cloned and the
proteins shown to be occluded in the mineral(SM30, SM50,
and PM27), while others are PMC cell surface proteins (msp
130), or their intracellular localization is not yet definitively
known (reviewed by Wilt et al., 2003). Several of the
partially characterized matrix proteins are not glycosylated,
are basic or neutral, and are also present on the surface of
the spicule as well as located within the mineral (SM50,
PM27). All the matrix proteins that have been sequenced
possess a C-lectin type domain (a list of cloned genes
encoding matrix proteins can be found in Wilt et al., 2003).
It is likely more and more of the spicule matrix proteins will
be identified and characterized as the Sea Urchin Genome
Project matures. Recent work from the Ettensohn laboratory
(Illies et al., 2002; Zhu et al., 2001) has identified several
new PMC specific proteins from an arrayed PMC library.
Two of these (SM 29 and SM32) possess C-type lectin
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istics that they share with the previously cloned SM50,
SM37, and PM27.
There are two significant recent developments in our
understanding of spicule formation in sea urchin embryos.
Beniash et al. (1997) discovered that the spicules early in
their development contain substantial amounts of ACC,
which is slowly (hours to days) transformed to calcite. There
are no apparent borders between domains with ACC and
calcite. They also reported that intracellular Ca containing
occlusions in the PMC contain ACC (Beniash et al., 1999).
Thus, it seems likely that the spicule is formed by
exocytosis of an amorphous form of calcium carbonate,
which then undergoes regulated conversion to calcite. This
is a novel and previously unknown route of formation of
biologically formed minerals. As described in an earlier
section, this transient precursor form of ACC has short
range order similar to calcite, as shown by EXAFS, but does
not possess sufficient medium or longer range order to
produce X-ray diffraction patterns, and thus, is not
crystalline. It is interesting that Raz et al. (2003) have
shown that proteins extracted from spicules of the prism
stage, which possess 50% or more of the CaCO3 as ACC,
can stabilize formation of ACC in an in vitro assay. In
contrast, similarly prepared and assayed proteins from the
calcite spicules of the pluteus do not enhance ACC stability;
only calcite is formed, in vitro. It is not clear why ACC is a
precursor to calcite of sea urchin spicules or aragonite of
clam shells. Could ACC more easily conform to the curved
outlines of the constrained spaces in which mineral
deposition occurs? Is an amorphous form somehow
necessary for the cellular secretion of precipitated calcium
carbonates? Experiments carried out in vitro by Loste and
Meldrum (2001) indicate that ACC can be a precursor to
calcite when mineral formation occurs in very constrained
volumes, such as channels with a 3-Am diameter.
Second, there are the beginnings of functional tests for
what the different matrix proteins might actually do. Peled-
Kamar et al. (2002) inhibited the accumulation of SM 50 by
microinjection of phosphothiorate antisense oligonucleoti-
des into the blastocoel. The result was a suppression of
extension of the triradiate arms of the spicule, but the initial
calcite crystal still formed. The antisense oligonucleotide
only reduced SM50 protein to about 20% of normal, so it is
not known if the initial calcite nucleation is independent of
SM50, or just requires less than does the extension phase.
Recent unpublished experiments from the Wilt laboratory, in
which SM30 is inhibited by microinjection of morpholino-
antisense oligonucleotides into fertilized eggs, indicate that
spicule formation can occur in the apparent absence of
SM30; presumably SM30 functions primarily at the level of
the material properties of the formed spicule, but the nature
of the material defects thereby imposed are not yet known.
In the instance of the sea urchin spicule, just as in the
case of mollusc shell formation, we are largely ignorant of
the cell biological basis for secretion or exocytosis of themineral and matrix components, nor do we have any
understanding of the relative roles of facilitated or self-
mediated assembly of these complex skeletal elements.
Tooth enamel formation
Bony fishes and the amniotes all rely heavily on calcium
phosphates in the form of hydroxyapatite [Ca6 (PO4)6
(OH)2]; it usually contains 4–6% carbonate, which is called
dahllite by geologists. The mineral is now usually called
carbonated apatite; I shall employ this latter designation. It
is frequently just termed hydroxyapatite in the literature.
The bony endoskeleton and teeth are heavily mineralized
with carbonated apatite, producing a variety of uniquely
hard and strong materials well suited for their function. The
material and mechanical properties of these elements can be
attributed both to the gross morphology and internal
architecture of any given organ, as well as the nanoscale
properties of the mineralized composite. The material
properties and design of skeleton and teeth have probably
played an important role in the evolutionary success of
vertebrates.
The enamel of mammalian teeth is the hardest mineral-
ized tissue known. Both bones and dentin are a relatively
spongy assemblage of the apatite crystals interwoven with
type I collagen and other proteins, producing a very tough
material. Tooth enamel is much more heavily mineralized
than bone, making it much harder, and enamel does not
contain collagen, though it does, when mature, contain
small amounts of specialized matrix proteins.
There has been a blossoming of research on early tooth
development, a classical example of epithelial–mesenchy-
mal interactions in which a variety of signaling molecules
(e.g., fibroblast growth factor 8, bone morphogenetic
protein 4) orchestrate reciprocal interactions between the
two tissue types. The jaw mesenchyme arises from cranial
neural crest; some portions of this mesenchyme are
influenced by overlying jaw epithelium to aggregate,
thereby forming dental papillae. The papillary mesenchyme
will give rise to odontoblasts that eventually secrete type I
collagen and other dentin matrix proteins, as well as the
carbonated apatite. The epithelium gives rise to ameloblasts
that are responsible for secretion of enamel matrix proteins
and the carbonated apatite of the enamel. A brief review of
recent work on the cell and developmental biology of early
tooth development may be found in Thesleff (2003).
Enamel is formed by the ameloblasts of the ectodermal
epithelium, beginning at the bbellQ stage. These specialized
cells secrete matrix proteins vectorially from the basal
surface that is adjacent to the underlying mesenchyme; this
interface will become the dentin–enamel junction (DEJ).
The secretory surface of the ameloblast (called Tomes’
process) retracts toward the apical epithelial surface, leaving
behind ribbons of matrix. Crystallites of carbonated apatite
form in the channels created by these ribbons of matrix so
that long polycrystalline rods of carbonated apatite are
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interconnected by binterrodsQ of mineral (Fig. 5). The
matrix proteins are degraded by proteases and almost
completely replaced by mineral during maturation of the
enamel. The architecture of the rods and interrods of
carbonated apatite, which constitutes a tough, fibrous
continuum, allows some slippage and hinders the propaga-
tion of cracks (White et al., 2001). The microarchitecture of
the enamel found just next to the DEJ, and that found on the
finished surface of the enamel, differs somewhat from the
bulk enamel. In summary, enamel formation is believed to
form in the following stepwise assembly: (1) Stimulation of
ameloblasts at the DEJ to secrete matrix; (2) Self-assembly
of matrix proteins, especially amelogenin, to form nano-
spheres that form bribbonsQ of matrix; (3) Secretion of
saturating levels of Ca+2 and PO4
3; (4) Nucleation of
crystal formation; (5) Regulation of crystallite growth by
matrix; and (6) Proteolytic degradation of matrix and rapid
infilling with more carbonated apatite crystallites. The
reader may consult Paine et al. (2001) and Fincham et al.
(1999) for further detail.
Enamel may be extracted in various ways to isolate both
water-soluble and -insoluble proteins. The predominant
soluble protein is called amelogenin, a 180 amino acid,
relatively hydrophobic protein; it is degraded from the
carboxyl terminal as the enamel matures, leaving transient
degradation intermediates in developing enamel (Paine et
al., 2001). Amelogenin self-assembles into nanospheres, in
vitro, that resemble the subunits of the matrix ribbons found,
in vivo. And the protein interacts with carbonated apatite, in
vitro, to limit crystallite growth, just as it might act to
channel mineral crystallite accumulation into rods in vivo.
Many mutations of amelogenin are known, and all affect the
integrity of the enamel, resulting in disordered crystallite
organization and weakened enamel. Mouse knock-outs of
the gene mimic the mutants (Gibson et al., 2001), and
recombinant proteins modified in either C- or N-terminal
domains do not self-assemble properly into the canonical
nanospheres (Paine et al., 2000). Interference with amelo-Fig. 5. The organization of mature enamel of the mouse incisor. Parallel
bundles of carbonated hydroxyapatite form ordered arrays of crystallites.
The section was fractured and reveals the arrangements of bundles of
crystallites within a structure called the rod or prism and the weaving of
these rods to form a continuum that resists fracture. The scale bar is 20 mm.
Image courtesy of Profs. W. Luo and M. Snead.genin degradation caused by loss of function of the protease
also mimics amelogenesis imperfecta mutations (Caterina et
al., 2002). Many other enamel-specific proteins have been
isolated and studied, and a few of them cloned. Another
group of hydrophilic proteins ranging in molecular weight
from 40 to 70 kDa are called enamelins; their function is
currently unknown, as are functions of other less prominent
proteins like ameloblastins and tuftelins. More detail can be
found in the review by Fincham et al. (1999).
So far, there is no bsmoking gunQ in the search for protein
function. As Fisher and Fedarko (2003) have observed,
when commenting about bone, b..the mice with null
mutations in the various candidate genes do not show abject
failure of mineralizationQ. The same is true for dentin and
enamel, insofar as the knock-outs and knock-ins of various
genes have proceeded. Whether this is due to the vaunted
bredundancyQ of gene function, or whether the search for
specific proteins with specific functions in mineralization
has been improperly addressed, are questions to which we
shall return. On the other hand, the work on amelogenins
has underlined the importance of matrices composed of self-
assembling hydrophobic proteins that can define, at least in
part, the growth habit and nanoscale morphology of the
mineral, and this is an important concept in the field.
Prospects and problems
How is assembly of the biomineral regulated?
The foregoing examples of biomineralization are only a
sample. They were chosen to illustrate the diversity of
scenarios that are encountered in nature. The minerals used,
the developmental origin of the tissues active in biominer-
alization, and the molecular players are extraordinarily
diverse. Are there any over-arching strategies, and common
cellular or molecular mechanisms? The short answer is that
it is still too early to tell. We need more detailed information
in several different systems. We may ask, though, whether
the occluded matrix molecules and mineral precursors bself-
assembleQ, or whether they undergo a more bsupervisedQ
assembly? The distinction here is whether the biomineral-
ized structure forms when mineral precursors and matrix
molecules are coprecipitated in a defined space, or whether
further post-precipitation modifications, such as enzymatic
modification of matrix molecules, might be required to form
the mature structure. Judging from examples, such as the
formation of silicatein fibers in sponges and amelogenin
nanosheres in enamel, bself-assemblyQ (as it is commonly
understood) seems to occur. On the other hand, the
assemblies of amelogenin undergo an apparently regulated
proteolytic degradation that is important in enamel matura-
tion. The conversion of ACC to calcite in the developing sea
urchin spicule points toward regulated, or bsupervisedQ
modifications of matrix molecules. In some instances, the
actual mineralization occurs in an extracellular space
(extrapallial space of the mollusc shell; secretion of
amelogenin and mineral precursor from Tomes’ process
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the mineralization occurs within a real (diatom silica
deposition vesicle) or virtual (sea urchin PMC privileged
space for spicule deposition) intracellular, membrane-
bounded space. In fact, we do not actually know sufficient
detail in any single instance that would allow general-
izations about the strategy of assembly. I would not be
surprised if the tactics of self-assembling matrix molecules
and regulated modifications of pre-assembled structures
were both employed in very many instances.
Of the five examples discussed here, the function of
particular molecules in the living organism has only been
explored in the sea urchin spicule and enamel, and very few
specific proteins have been the subject of experiments.
These examples, and very many others from mouse knock-
outs of bone proteins, do not show a complete breakdown of
biomineralization after loss of function of a single protein.
This may be due to bredundancyQ, but it may also be that
many aspects of biomineralization are not served or
regulated by single proteins, but by complex multi-protein
assemblages, more like transcription factors than glycolytic
pathway enzymes. The recent example in which collagen
type IV, a canonical constituent of the basal lamina, was
knocked out is instructive (Pfschl et al., 2003). In this case,
the basal lamina continued to be deposited and assembled in
the knock-out, but the integrity and stability of the basal
lamina thus formed was compromised. Another factor in the
consideration of potential redundancy of function is that the
actual number of occluded matrix proteins is not well
known in most instances; when 2D gels of extracted
proteins are run, there are usually an embarrassingly large
number of minor proteins, most of whose functions are
unknown (Hubbard, 1996; Killian and Wilt, 1996). Modern
genomic and proteomic approaches should help correct this
deficiency.
Cell biological basis of biomineralization
Some instances of biomineralization lend themselves to
the view that the active cells secrete matrix, either into a
vesicle or extracellular space, and that a supersaturated
solution of ions enters this space where nucleation and
crystal growth occur in ways largely governed by the
properties of the matrix. To the best of my knowledge, there
is very little information about the high-capacity–low-
affinity types of ion transporters that would be needed to
provide supersaturated solutions required in this scenario,
but surely the study of such putative transporters is within
the reach of modern cell biology. Hubbard (1996) has
shown that high-capacity calcium-binding proteins are
found in the endoplasmic reticulum of enamel epithelium.
More puzzling is the possibility that precipitation of calcium
salts (or for that matter, silica) could occur in some instances
within intracellular vacuoles, probably in combination with
matrix proteins, and that the mineral precursor is somehow
exocytosed in that form to the site of formation of the hard
part. The calcite crystals in oyster hemocytes (Mount et al.,2004), and the intracellular deposits of ACC in sea urchin
PMCs (Beniash et al., 1999) come to mind. Another
possibility is pinocytosis of sea water to form intracellular
vacuoles rich in calcium and magnesium, which could then
be a precursor to intracellular mineral formation; this
possible route of mineral formation has been observed in
foraminifera by Erez and his colleagues (Erez, 2003). The
basic cell biology that sustains these different potential
forms of mineral deposition could be novel, and would
certainly be interesting.
The evolution of biomineralizing systems
Another way to inquire what generalizations can be
made about strategies in biomineralization is to ask what
has been conserved. Have particular molecules been
conserved? While a given phylum or sub-phylum, such as
the vertebrates, seems to use very widely the same families
of molecules, like type I collagen, amelogenin (Toyosawa et
al., 1998), and osteopontin, others, like enamelin, are
restricted to only some vertebrates classes. Proteins found
in the calcite of molluscan shells show no identity to the
proteins of calcite in echinoderm spicules or spines, insofar
as they have been examined. On the other hand, highly
hydrophobic, glycine-rich proteins that possess C-type
lectin domains are common, as are proteins showing
disordered bextensibleQ structures, and highly acidic pro-
teins are very characteristic of occluded matrix proteins and
proteins that surround the mineral. It seems likely that
whether or not particular proteins are conserved, certain
exons encoding polypeptides with characteristics useful in
biomineralization may be conserved. Or, is it possible that
several different amino acid sequences could support similar
essential roles at the molecular level in precipitation or
crystal formation? Fisher and Sedarko (2003) have recently
proposed that six of the glycophosphoproteins found in
vertebrate bones and teeth (bone sialoprotein, dentin matrix
protein 1, dentin sialophophoprotein, enamelin, matrix
extracellular phosphoglycoproteina, and osteopontin) that
possess very little similarity of amino acid sequence are
actually family members related by close chromosomal
location and exon–intron structure. Kawasaki et al. (2004)
have proposed that genes for 3 major enamel proteins, 5
proteins of dentin and bone, and milk caseins and salivary
proteins, arose by tandem gene duplication of a single
calcium-binding phosphoprotein.
The reliance of invertebrates on calcium carbonates is in
contrast to the calcium phosphates found in vertebrates.
Ascidians and echinoderms utilize calcium carbonates,
hemichordates do not possess mineralized skeletons or
dentition, and chordates utilize calcium phosphate skel-
etons only in the bony fishes and tetrapods. The fossil
record and examination of development and physiological
function of teeth and skeletons has suggested to some
investigators that development of the skeleton and its
calcification are two separable processes (see Donoghue
and Sansom, 2002 for a scholarly exposition of this point
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or strategies for construction of respiratory, feeding, and
support systems might have existed, but that the use of
calcium phosphates for biomineralization is a novel
invention of some vertebrates. Vertebrates do use calcium
carbonate for the formation of otoliths of the inner ear.
So¨llner et al. (2003) have identified a gene, starmaker, in
zebrafish that is required for otolith formation; a knock out
of the gene function changes otolith formation and the
lattice structure of the calcium carbonate. It would be
interesting to know if homologs of starmaker are found
among any invertebrate chordates or other phyla. The
genetic circuits that drive biomineralization could be
conserved in ways that are not reflected in the sequences
of matrix proteins. For instance, Ettensohn et al. (2003)
showed that a gene encoding a transcription factor known
to be involved in cranio-facial development (alx) in
mammals is a key member of the gene network that
controls specification of the cells that secrete the skeleton
in sea urchin embryos.
Comparisons of genes and proteins that are ostensibly
involved in biomineralization will certainly be made easier
as bioinformatic analyses of the genome sequences of
different organisms become available. A deep analysis of
relationships of mechanisms of biomineralization will also
require identification, characterization, and functional ana-
lysis of particular matrix molecules and the structures they
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